human sequence polymorphisms that regulate gene expression is key to understanding human genetic diseases. We report a survey of human genes that demonstrate allelic differences in gene expression, reflecting the presence of putative allele-specific cis-acting factors of either genetic or epigenetic nature. The expression of allelic transcripts in heterozygous samples is assessed directly by relative quantitation of intragenic marker alleles in messenger or heteronuclear RNA derived from cells or tissues. This survey used 193 single-nucleotide polymorphisms (SNPs) from 129 genes expressed in lymphoblastoid cell lines, to identify 23 genes (18%) with common allele-specific transcripts whose expression deviated from the expected equimolar ratio. A subset of these deviations, or "allelic imbalances," can be observed in multiple samples derived from reference CEPH ("Centre d'Etude du Polymorphisme Humain") pedigrees and demonstrate a spectrum of patterns of transmission, including cosegregation of allelic skewing across generations compatible with Mendelian inheritance as well as random monoallelic expression for three genes (IL1A, HTR2A, and FGB). Additional studies for BTN3A2 provide evidence of SNPs and haplotypes in complete linkage disequilibrium with high-and low-expressing transcripts. The pipeline described herein offers tools for efficient identification and characterization of allelic expression allowing identification of regulatory sequence variants as well as epigenetic variation affecting human gene expression. transcription; polymorphism A COMPENDIUM OF GENETIC VARIANTS affecting gene regulation will be a key resource for the identification of disease-associated polymorphisms and will complement the ever-growing databases of coding polymorphisms (12). Large-scale strategies are needed to build databases of potential regulatory polymorphisms including the identification of single-nucleotide polymorphisms (SNPs) in sequence elements identified by computational-based predictions of promoters and evolutionary conserved sequences as well as large-scale association studies comparing genetic variants with gene expression levels. Most functional studies of these putative regulatory polymorphisms are based on in vitro techniques such as transient transfection assays with allele-specific promoter constructs (29). The results of these systems are often difficult to interpret as the reporter gene constructs are studied outside of their normal chromosomal environment. In contrast, direct assessment of the relative abundance of allelic transcripts allows investigation of allele-specific expression differences in normal chromosomal context as well as elucidation of epigenetic cis-acting mechanisms. In this study, differential expression of allelic transcripts is assessed directly by relative quantitation of intragenic marker alleles in cells or tissues. When an individual is heterozygous for an exonic polymorphism, it is possible to detect the relative abundance of allelic transcripts. Both copies of human autosomal genes are assumed to be codominantly expressed, in equal proportions. The detection of allelic imbalances is based on quantitative analysis of polymorphisms in RNA transcripts in order to detect deviations from the expected equimolar ratio between two alleles in a heterozygous sample. To date, allele-specific expression has been primarily studied in relatively uncommon situations such as imprinting (28). Recent surveys of allelic imbalance of human and mouse genes (3, 5, 16, 33) suggest that the occurrence of allelic expression differences could be more common than previously expected. In this study we report application of allelic expression measurements to over 100 human genes and the initial steps in characterizing the mechanisms underlying unequal expression of allelic transcripts.
A COMPENDIUM OF GENETIC VARIANTS affecting gene regulation will be a key resource for the identification of disease-associated polymorphisms and will complement the ever-growing databases of coding polymorphisms (12) . Large-scale strategies are needed to build databases of potential regulatory polymorphisms including the identification of single-nucleotide polymorphisms (SNPs) in sequence elements identified by computational-based predictions of promoters and evolutionary conserved sequences as well as large-scale association studies comparing genetic variants with gene expression levels. Most functional studies of these putative regulatory polymorphisms are based on in vitro techniques such as transient transfection assays with allele-specific promoter constructs (29) . The results of these systems are often difficult to interpret as the reporter gene constructs are studied outside of their normal chromosomal environment. In contrast, direct assessment of the relative abundance of allelic transcripts allows investigation of allele-specific expression differences in normal chromosomal context as well as elucidation of epigenetic cis-acting mechanisms. In this study, differential expression of allelic transcripts is assessed directly by relative quantitation of intragenic marker alleles in cells or tissues. When an individual is heterozygous for an exonic polymorphism, it is possible to detect the relative abundance of allelic transcripts. Both copies of human autosomal genes are assumed to be codominantly expressed, in equal proportions. The detection of allelic imbalances is based on quantitative analysis of polymorphisms in RNA transcripts in order to detect deviations from the expected equimolar ratio between two alleles in a heterozygous sample. To date, allele-specific expression has been primarily studied in relatively uncommon situations such as imprinting (28) . Recent surveys of allelic imbalance of human and mouse genes (3, 5, 16, 33) suggest that the occurrence of allelic expression differences could be more common than previously expected. In this study we report application of allelic expression measurements to over 100 human genes and the initial steps in characterizing the mechanisms underlying unequal expression of allelic transcripts.
METHODS

Samples and RNA preparation.
A description of the lymphoblastoid cell lines (LCLs) used in this study is listed in Supplementary Table 2 , available at the Physiological Genomics web site. 1 The primary set of 63 LCLs, derived from unrelated donors of Caucasian, Asian, Oceanic, and African origin, partially overlaps with a set used to identify SNPs in the coding regions of human genes (4) . A second set of LCLs derived from five CEPH pedigrees (1420, 1423, 1424, 1444, and 1416), each composed of four grandparents (only maternal grandparents for family 1416), two parents, and four children, was used in this study. The LCLs were obtained from Coriell (Coriell Institute for Medical Research, Camden, NJ) and grown in RPMI 1640 medium (Invitrogen, Carlsbad, CA) supplemented with penicillin/streptomycin, with 2 mM L-glutamine and 15% heat-inactivated fetal bovine serum (Sigma-Aldrich, St. Louis, MO). The cell growth was monitored using a hemocytometer: when the cultures reached a density of 0.8-1.1 ϫ 10 6 cells/ml, these were pelleted and lysed by resuspension in TRIzol reagent (Invitrogen). Subcutaneous and epiploic adipose tissue samples were obtained from morbidly obese male patients (n ϭ 21) undergoing a biliopancreatic diversion for the treatment of obesity. The tissue samples were homogenized in TRIzol reagent (Invitrogen), and the lysate was precleared by centrifugation at 4°C prior to RNA isolation. Patients provided written consent for the project. The study was approved by the ethics committees at McGill University Health Centre Research Institute and at Laval University.
cDNA synthesis. RNA was isolated from the lymphoblastoid lines and adipose tissue biopsies using TRIzol reagent according to the manufacturer's instructions (Invitrogen). In a typical probe reaction, 50-g aliquots of total RNA were treated with 8 U of DNase I for 40 min at 37°C (Ambion, Austin, TX), extracted with phenol/chloroform (Invitrogen), and reprecipitated. The resulting RNA was annealed to 1,000 ng random hexamers (Invitrogen), and first-strand cDNA synthesis was performed using SuperScript II reverse transcriptase according to the manufacturer's instructions (Invitrogen). Adequate removal of the genomic DNA was verified by PCR amplification of the intergenic microsatellite markers D4S2367, D5S816, and D14S597.
Expression profiles. Microarray analysis was performed using 10 g of total RNA hybridized to Affymetrix HG-U133A GeneChips (Affymetrix, Santa Clara, CA). Detailed protocols for the probe synthesis and hybridization reactions as well as the posthybridization washing and staining have been previously described (21) . The hybridized arrays were scanned and raw data extracted using the MicroArray Analysis Suite 5.0 (Affymetrix). All expression profiles were scaled to a mean signal intensity of 1,000 units prior to analysis. To assess clonality of the lymphoblastoid lines, expression levels of Ig light chain isoforms were determined using two probe sets for IgL gene (221651_x_at and 221671_x_at) and two for IgL gene (215121_x_at and 209138_x_at); these probe sets are located in the constant region of each gene previously employed to measure clonality in B-cells using PCR-based strategies (14, 30) . The normalized expression values were used to calculate IgL vs. total IgL ( ϩ ) expression separately for the two probe pairs, these independent measurements showed high concordance (r ϭ 0.99); thus we averaged the values. Expression profiles obtained from peripheral blood mononuclear cells as well as malignant B-cell lines (OCI-Ly1, OCI-Ly7, OCI-Ly8, and SU-DHL4) were used as reference standards. Allelic imbalance assays and genotyping. Publicly available intragenic SNPs (http://www.ncbi.nlm.nih.gov/SNP/, http://pga.mbt. washington.edu/) were identified and mapped to the genomic sequence (http://genome.ucsc.edu/cgi-bin/hgGateway). PCR primer design was carried using Primer 3.0 (http://www-genome.wi.mit. edu/cgi-bin/primer/primer3.cgi). PCR testing for genomic DNA and cDNA samples (including a RTϪ control) was carried out using the same conditions for all fragments, and the amplicon size was verified by agarose gel electrophoresis. A subset of genes were studied using primers for both mRNA and heteronuclear or unprocessed RNA (hnRNA) (n ϭ 6), i.e., using RT-PCR designs with one or both primers located in introns of target genes: the use of intronic SNPs showed consistency of allelic imbalance calls between intronic SNPs and coding SNPs (cSNPs); subsequently intronic assays were designed for six genes which had no common cSNPs. Optimization of the PCR conditions was carried out for failed PCR fragments. Independent replicate PCR reactions were carried out for all cDNA samples in the screening process. All primer sequences and PCR conditions can be accessed at http://www.genome.mcgill.ca/regulatory/PCR. Single base extension (SBE) detection primers of minimum of 19 bp length and melting temperature above 55°C were designed in both orientations for each SNP using PrimerPremier 5.0 (Premier Biosoft International, Palo Alto, CA). The PCR reactions were treated with exonuclease I and shrimp alkaline phosphatase, applying protocols suggested by the manufacturer rescaled for reduced reaction volumes (Acycloprime Kits; PerkinElmer, Wellesley, MA). Fluorescent polarization-single base extension (FP-SBE) reactions were performed in both orientations for each duplicate PCR reaction; a total of eight replicate assays were studied for each cDNA sample. Following the FP reaction, the extension products were incubated with single-stranded binding protein (USB, Cleveland, OH); reading buffer was added and the plates were read using an Analyst HT reader (Molecular Devices, Sunnyvale, CA) as described previously (11) . The FP reaction conditions as well as the SBE primer sequences can be viewed at http://www.genome.mcgill.ca/regulatory/FP. Genotype calling in genomic DNA samples was carried out using a clustering algorithm (kindly provided by Dr. A. D. Long, Univ. of California at Irvine), which groups the data into four categories (homozygous AA, heterozygous AB, homozygous BB, and failed). To eliminate failed RT-PCRs, we applied the FP values of the successful genomic DNA data points (i.e., belonging to clusters AA, AB, or BB) to set the signal intensity threshold. In the samples above threshold, a ratio of rhodamine-110 (R110)-labeled allele (A) vs. the total signal [carboxytetramethylrhodamine (Tamra) allele (B) ϩ of R110-labeled allele (A)] was calculated, and these A/(AϩB) ratios were used in all steps of subsequent data analysis. The averages of the A/(AϩB) ratios over the three genotype clusters were the basis for heterozygote allele ratio estimation: if the heterozygous data point (AB) had A/(AϩB) ratio below the average AB cluster ratio, then the relative distance of this data point between the average ratios for AB and BB clusters provided the estimate of the allelic deviation; conversely, if the AB ratio for the data point was above the average AB cluster ratio, then the relative distance of this data point between the average ratios for AB and AA was used for allele ratio estimation. The correspondence of the AB cluster averages in RNA (RT-PCR) and DNA samples was high (Pearson correlation coefficient r ϭ 0.97). Thus in cases where common allelic imbalances affected the average AB cluster ratio in RNA (evident by discrepancy between average AB ratios in the genomic DNA and RNA samples) we applied the average AB ratio from genomic DNA for allele ratio estimation (applied to BTN3A2, IGF1, NFATC4, KLK1, HTR2A, FEN1, CX3CR1, IL1A, PDCD1, ERCC1, FCER1G, FGB, and ADRB2). The use of the relative distance of A/(AϩB) ratios between AB and BB or AB and AA for allele ratio estimation assumes that the allele ratios between the heterozygote and either homozygote clusters show linear correlation; this slightly underestimates the true deviations, as demonstrated by an analysis of standard curves generated for 30 genes (Fig. 2B) . Detailed allele ratio data for samples exceeding our threshold (Ͼ60:40 or Ͻ40:60 allele ratio) are given in Supplementary Table 1 .
Allelic imbalance pipeline. Genes were selected based on their potential role in immunity and inflammation, metabolic disorders, and cancer. Assays were designed for 239 genes: an average of 2 SNPs were included for each locus (495 SNPs in total). The intragenic SNPs were obtained from public databases. The assays were first tested for positive RT-PCR signal with an appropriately sized amplified fragment using RNA derived from LCLs. Genomic DNA samples were genotyped to validate the SNPs as well as to confirm good technical performance of the FP-SBE assay. Poor or absent RT-PCR amplification was seen for 22% of SNPs (n ϭ 107), whereas the validation of SNPs failed in 37% of cases (n ϭ 185). Of these, 80% were rejected due to their rarity or absence (monomorphic in the tested cell lines) and 20% due to poor technical performance of the FP assay. The remainder of the failed SNPs (n ϭ 7) did not amplify from genomic DNA. As pilot studies demonstrated that genes with low expression levels were associated with high failure rates in RT-PCR, we modified the pipeline to exclude genes whose expression was not reliably detected using expression microarray studies of the LCLs.
Validation studies in adipose tissues and CEPH pedigrees. BTN3A2 showing evidence of differential allelic expression in LCLs was assayed in paired genomic DNA and adipose tissue-derived RNA samples (n ϭ 21); the assays were carried both in mRNA as well as in hnRNA in epiploic and subcutaneous adipose tissue yielding same results. In addition, ϳ50% of all SNPs were assayed in LCLs (n ϭ 48) from five 3-generation CEPH-families for identification of potential transmission of allelic imbalances. Mendelian transmission of allelic imbalance in this study is defined as full cosegregation of alleles and/or haplotypes with the allelic imbalance phenotype (including the direction of allelic deviation). Seventeen of the 23 genes with common allelic imbalances in the primary screening had partial or complete family data available. In addition to the nine genes reported in the RESULTS, five genes had either no allelic imbalance (ADPRTL and MICA) in the five pedigrees, or one instance that was only present in a grandparent (KLK1, FCER1G, and IL19). Three genes (CD44, CAT, and NFATC4) have insufficient informative occurrences and allelic imbalances to allow meaningful interpretations. The unrelated screening panel included the nine grandmothers from the CEPH families, which were cultured independently providing a general control for consistency of the allele ratio measurements in independent samples. Additional experiments for FGB and HTR2A using independently cultured cells from CEPH families 1420 and 1444 were carried out to further confirm that the observed effect was not caused by sample contamination, as these genes are expressed at very low levels in LCLs and only a small subset of heterozygotes can be amplified by RT-PCR.
Sequencing. Ten genes with common allelic imbalances were validated by sequencing in independent RNA preparations. Sequencing was done in parallel for amplified genomic DNA and cDNA samples using the BigDye Terminator Cycle Sequencing v3.0 kit (Applied Biosystems, Foster City, CA), applying conditions sug- Table 1 . Validation and characterization data is presented in Figs. 3B through 6 and in Table 1 . B: parallel quantitative genotyping in paired genomic DNA and RNA (cDNA) samples. Raw data for two genes, PLCG2 (rs1143688) and KLK1 (rs1054713), are shown in the top left and top right of B, respectively (negative controls not shown). The x-axis and y-axis of the scatter plots show fluorescence polarization counts for R110 (A allele) and Tamra (B allele), respectively. Each assay is replicated with four independent data points for each genomic DNA sample (black squares) and eight independent data points for each RNA sample (red circles). The genomic DNA data points form three genotype clusters (AA, AB, and BB), and the data of the heterozygous (AB) samples is further examined in corresponding RNA samples. There is minimal dispersion of the heterozygous RNA data points for PLCG2 gene (top left), whereas the heterozygote cluster in KLK1 shows deviation toward the A as well as the B allele (top right). The magnitude of the deviation can be estimated based on the average A/(AϩB) ratios in the three clusters, and consistency of estimated deviation can be investigated by observing the independent replicate data points for each sample. Bottom of B illustrates the estimated A:B allele ratios (y-axis) of independent replicates for KLK1 gene in eight samples (xaxis) extracted from the data presented in the scatter plot in top right of B. The largest possible deviation is Ϯ50%, which would indicate monoallelic expression of either allele (see also Fig. 3A) . The genomic DNA and RNA data points for each sample are represented by gray and red bars, respectively. The consistency of the independent replicates indicates that the dispersion of the RNA heterozygote cluster seen in the scatter plot for KLK1 gene (top right) is not random; rather RNA samples consistently show one or the other allele overexpressed. Three of the RNA samples (LY49, LY23, and LY34) shown at the bottom have allelic imbalance according to our criteria: averaged estimated deviation exceeding 40:60 or 60:40 ratio, which are consistent over three or more independent replicates (see Fig. 2 for additional details).
gested by the manufacturer. After purification by ethanol precipitation, the samples were resuspended in Hi-Di formamide and run on the 3700 DNA Analyzer (Applied Biosystems). Sequencing for BTN3A2 SNP discovery followed the same protocols and was performed using primers without sequence homology to other BTN3 genes. BTN3A2 SNP flanking and primer sequences are available at http://www.genome.mcgill.ca/regulatory/sequencing.
X-inactivation assays. Clonality of the LCLs was assessed using a PCR-based androgen receptor methylation assay (1) with modifications (20) . LCL DNA from seven female donors from CEPH families 1423 and 1444 was studied. For these same donors X-inactivation phenotypes from peripheral blood lymphocytes were established earlier (19) . Six of the LCL samples showed nonrandom X-inactivation ratios (from 0.75 to 0.99) that differed considerably from the X-inactivation ratios in noncultured lymphocytes of the same females.
RESULTS
To investigate allele-specific cis-acting regulatory mechanisms, we devised a pipeline to rapidly screen genes for allelic imbalance (Fig. 1A) . This strategy was applied to a primary screening cohort composed of LCLs from 63 unrelated individuals to study genes with potential roles in human complex disease phenotypes. None of the target genes had prior in vivo evidence of cis-acting polymorphisms in LCLs, other than three imprinted genes (MEST, PEG-10, and ATP10C) included as positive controls (17, 18, 25) . We optimized the single base extension with fluorescence polarization detection assay (FP-SBE) (11) to provide quantitative detection of allele-specific transcripts (Fig. 1B) . The allelic imbalance screening approach relies on quantitative genotyping of heterozygous individuals for intragenic SNPs in RNA transcripts and comparing the observed allele ratios in corresponding genomic DNA samples, which are assumed to represent 50:50 allele ratios. Based on allelic transcript measurements performed using independent RNA samples, we selected a calculated allele ratio of 40:60 as the cutoff for determining the presence of a significant allelic imbalance ( Fig. 2A) . We observed a minor amount of nonlinearity of standardized allele ratios (determined by DNA dilution studies) when compared with our estimates of allele ratios obtained using RT-PCR templates (see METHODS for details), such that the allele ratio estimates correspond on average to slightly larger true deviations. Thus the calculated 40:60 cutoff corresponds to an average 37:63 allelic deviation representing a 1.7-fold difference between the relative transcript levels (Fig.  2B) . Examples of the screening data for 13 heterozygote samples for three genes are shown in Fig. 3A ; no allelic imbalance was observed for PLCG2, whereas five and six samples show allelic imbalance for IGF1 and BTN3A2, respectively.
Allelic transcript ratios were successfully measured in 129 genes (including the 3 control genes) using 193 SNPs. The data set generated using the primary screening panel has 3,192 informative heterozygous occurrences and 8,346 uninformative homozygous genotypes. Each of the imprinted genes included as controls demonstrated strong to complete allelic imbalance in all heterozygous samples. Evidence of replicable deviations exceeding the 40:60 threshold in two or more LCL samples was observed for 23 of the 126 genes tested ( Table 1) . Five of these genes are informative for two or more cSNPs and show concordant allelic imbalances in assays performed using different amplicons. Furthermore, we carried out parallel allelic imbalance studies using primers to assay unspliced transcripts (hnRNA) for BTN3A2 (Fig. 3B, left) , KL (Fig. 3B,  right) , and PDCD1 (data not shown) revealing concordant allelic imbalances between mRNA-and hnRNA-specific assays. Sequence validation performed in independent RNA Fig. 2 . Quantitation of allelic imbalance detected by homogenous fluorescent polarization-single base extension (FP-SBE). A: histogram of allele ratio variation in replicate experiments at different levels of the assay procedure. Over 90% of independent estimates for allele ratio differ by less than 0.05 at the FP assay or RT-PCR level (gray and white bars, respectively), whereas the use of independent RNA samples from the same sample (black bars) increases the noise. The allele ratio cutoff was set at 2 SD above the variability observed at independent RNA preparations and corresponds to 40:60 allele ratio. In our screening we had 8 replicate measurements for each RNA sample. The first criterion for determining allelic imbalance was averaged allele ratio above 60:40 or below 40:60. Replicate consistency was the second criterion for calling allelic imbalance. We note that a subset of genes showing poor or inconsistent amplification success from the RT-PCR templates correlated with inconsistent quantitative allelic ratios; these were considered noninterpretable assays. B: correspondence between actual and estimated allele ratios. In 30 randomly selected loci, we generated quantitation curves by mixing known heterozygote and homozygote DNA. The graph illustrates the correspondence of average (black diamonds) and 99% confidence intervals (error bars) of the estimations (y-axis) with known allele ratios (x-axis). Our allelic imbalance threshold (estimated 40:60 ratio) corresponds to a slightly higher true deviation (37:63 ratio, marked with gray arrows) as determined by these quantitation curves. Fig. 3 . Screening and validation of relative expression of allelic transcripts. A: three genes screened by the FP-SBE-based system for relative allelic transcript level quantitation are illustrated with 13 representative heterozygotes (x-axis) shown for each gene (black bars). The A:B allele ratios (y-axis) are averaged over replicate measurements (see Fig. 1B ). The correspondence of the A:B ratios to actual alleles at each single-nucleotide polymorphism (SNP) can be read on the right. The threshold for calling significant allelic deviation is shown by a dashed red line. Left: the relative expression of alleles in PLCG2 gene (rs1143688) are equal for all informative samples tested. Middle: IGF1 (rs6220) shows allelic deviations exceeding the threshold in multiple samples; the numbers to the right of the bars correspond to the samples shown in B. Right: strong overexpression of A allele for 6 of the 13 heterozygotes shown is evident for BTN3A2 gene (rs1985732). Among all the informative heterozygous lymphoblastoid cell line (LCL) samples, 60% showed no allelic imbalance and 40% showed unidirectional allelic imbalance of similar magnitude. B: heteronuclear or unprocessed RNA (hnRNA) assays were validated both using intronic RT-PCR primers in amplification of a coding SNP as shown on the left for BTN3A2 and using intronic SNPs as shown on the right for KL. In both graphs, each pair of white and black bars represents hnRNA-specific and mRNA-specific allele ratios, respectively. The y-axis represents the estimated deviation from the 50:50 allele ratio, and hnRNA-specific allele ratios (white bars) are arbitrarily defined as positive. The dotted red line corresponds to our threshold for significant allelic deviation (i.e., Ͼ60:40 or Ͻ 40:60 ratio). Both hnRNA and mRNA results were results were availble for 15 BTN3A2 heterozygotes showing a high correlation (r ϭ 0.98) for allele ratios, and all allelic imbalance calls are concordant (left). For KL (right), results from 17 heterozygotes informative for three pairs of independent intronic (white bars) and exonic (black bars) SNPs (the three SNP pairs are indicated above the three groups of bars) are shown. The samples are derived from our family panel; thus the phase of the independent SNPs for each of the 17 pairs shown is unequivocal. Good correlation of allele ratio estimates in the independent intronic-exonic SNP pairs (r ϭ 0.92) was observed: in 16/17 (94%) heterozygotes the allelic imbalance call is concordant between the SNPs (indicated by a red arrow). C: validation by sequencing in independent RNA preparations was carried out for a subset of genes showing evidence of allelic expression variation in the screening. For each sample, the genomic DNA sequencing (top) was carried out in parallel with the cDNA sequencing (bottom). Results of validation for three samples in the IGF1 gene (rs6220) are shown, confirming the allelic imbalance screening results shown in the middle of A. preparations for 10 genes was entirely consistent with the allelic imbalance data obtained using the FP-SBE assay (Fig.  3C ). In addition, 10 genes had replicable deviations exceeding the threshold in a single LCL sample (Supplementary Table 1) .
Most of the observed allelic imbalances are bidirectional, meaning that either allele is overexpressed in different LCLs. Bidirectional allelic imbalance could result from allelic heterogeneity of one or more cis-acting regulatory polymorphisms present in coding, intronic and/or other noncoding regulatory sequences (9), or from DNA methylation, histone acetylation, and other epigenetic factors (13, 16) . Alternatively, the SNPs used in the allelic imbalance screen could be detecting a single polymorphism that is responsible for the differential expression of allelic transcripts, but that does not show unidirectional allelic imbalance when it is not in complete linkage disequilibrium (LD). The SNPs used in this study are on average 34 kb downstream of the transcription start site (22 kb for genes included in Table 1 ), these distances exceed the average length of a high LD block (8) in world populations of origins similar to those studied in this survey. Allele-specific splice variants or unequal allele-specific mRNA decay rates could also mimic transcriptional allelic imbalance.
BTN3A2 is an example of a gene displaying unidirectional allelic imbalance with at least fourfold overexpression of one allele, suggesting that the marker SNP is in LD with a regulatory polymorphism. In contrast, monoallelic expression of either allele was seen in multiple informative heterozygotes for IL1A and HTR2A and in all informative samples of FGB.
In an attempt to classify the allelic imbalance based on transmission patterns, allelic imbalances were studied for nine genes in three-generation CEPH pedigrees. Of these, BTN3A2 showed strong unidirectional allelic imbalance segregating in a Mendelian fashion in two families (Fig. 4A) . One additional family (1420) had a single grandparent carrying allelic imbalance, which was not transmitted. Four additional genes (IGF1, CX3CR1, PDCD1, and PLAUR) also demonstrated transmission compatible with Mendelian segregation; however, inconclusive phase assignment precluded unambiguous determination of the mode of inheritance. Notably, three genes with predominantly monoallelic expression patterns (IL1A, HTR2A, and FGB) showed inheritance patterns incompatible with Mendelian inheritance and classic parent-of-origin effects (as shown for PEG-10, Fig. 4B ). Two sample pedigrees show transmission patterns of monoallelic expression for IL1A that is discordant for the expressed allele in two pairs of siblings that inherited haplotypes identical-by-descent (Fig. 4C) . Finally, KL demonstrated moderate allelic deviations for multiple independent SNPs in all five pedigrees; however, we observed two pairs of siblings with complete sharing of alleles identicalby-descent in which one of the siblings shows the allelic imbalance observed in his parent while the other sibling shows no skewing in allelic ratios. The transmission pattern of KL is compatible with incomplete penetrance of allelic imbalance.
The demonstration of heritable allele-specific expression for BTN3A2 gene allowed us to correlate genetic variants at the BTN3A2 locus with gene expression levels. The initial exonic Genes with at least two samples with averaged allele ratios below 40:60 or above 60:40 ratio, which is consistent over 3 or more independent replicates. AI, allelic imbalance. 1 The "Magnitude" is an average over all heterozygotes exceeding the threshold ratio. 2 For Direction of Deviation, "ϩ/Ϫ" denotes bidirectional allelic imbalances where both alleles of the marker SNP(s) are seen overexpressed in different informative samples, in case of unidirectional allelic imbalances; "minor" and "major" correspond to relative overexpression of the minor or major allele (Supplementary Table 1 ), respectively. 3 For Independent SNPs "ϩ" indicates that independent SNPs provided corroborating evidence (phase known, deviation to the same direction in all SNPs), and "NA" indicates that no independent SNP data available for those samples demonstrating significant deviation. 4 For Independent Sequence Validation, "ϩ" indicates that sequencing in independent RNA preparations confirmed allelic imbalance, and "ND" indicates not done. SNP used to detect BTN3A2 allelic imbalance (marked ϩ10491 in Fig. 5A ) was located in the 3Ј-untranslated region (3Ј-UTR) region of the gene; only 40% of heterozygous samples for marker ϩ10491 showed allelic imbalance. We subsequently discovered nine SNPs that span 15 kb encompassing the proximal promoter as well as in the first exon and intron (Fig. 5A ) and occur on a single haplotype, as determined by unambiguous phase information provided by the CEPH pedigree analysis. The putative "regulatory" haplotype demonstrates 100% correlation with the presence of a low-expressing BTN3A2 transcript in the three CEPH pedigrees carrying the haplotype as well as in 13 unrelated samples carrying haplotype-specific SNPs. RT-PCR with an intronic primer was also used to evaluate allelic imbalance in nonspliced hnRNA. The hnRNA results were highly concordant with mRNA-specific assays in all 15 informative heterozygotes tested (Fig. 3B, left) . This suggests that differences in gene transcription, as opposed to RNA stability or splice variants, might underlie the observed allele-specific differences in RNA expression. Supporting evidence for the regulatory function associated with the putative regulatory haplotype was obtained by comparing total BTN3A2 expression levels with genotypes obtained using SNPs specific to this haplotype (Fig. 5B) . Normalized BTN3A2 expression levels were obtained using Affymetrix GeneChips for 13 unrelated LCLs carrying the haplotype-specific SNPs (no homozygotes for this haplotype were available) and 57 unrelated LCLs that did not carry the haplotype. Carriers of the putative regulatory haplotype show a 50% decrease in total BTN3A2 expression (P Ͻ 1 ϫ 10 Ϫ6 , two-tailed t-test). Finally, we investigated whether the allelic imbalance for BTN3A2 was specific to LCLs using paired genomic DNA and RNA derived from paired adipose tissue samples (epiploic and subcutaneous) from 21 unrelated individuals. Of these, 11 pairs of samples were informative (i.e., heterozygous for mRNA SNPs) for allelic imbalance, and two had allelic imbalance in both the epiploic and subcutaneous samples of the same magnitude and direction. Both individuals were carriers of a SNP defining the "rHaplotype" (not seen in any of the other adipose tissue samples), demonstrating that the effects of the regulatory haplotype are not confined to LCLs.
As a previous report suggested that IL1A shows random monoallelic expression in T-cells (32), we hypothesized that the extreme allelic imbalances evident for IL1A, FGB, and HTR2A may be due to random monoallelic expression (23, 27) that was revealed by stable allelic expression in clonal or oligoclonal LCLs (10) . LCL clonality was assessed by two independent methods: the androgen receptor X-inactivation assay and expression analysis of immunoglobulin light-chain and genes. Both methods indicate high degree of clonality in our LCLs (Fig. 6) . Demonstration of clonality along with the transmission data and the previous suggestions of IL1A random monoallelic expression led us to conclude that the likely Fig. 4 . Transmission of allele-specific expression. Three examples of genes with different transmission patterns in CEPH families are illustrated. FF, FM, MF, and MM are labels that tag the haplotypes transmitted in the pedigree from the paternal grandfather, paternal grandmother, maternal grandfather, and maternal grandmother, respectively. Untransmitted haplotypes are defined as UT. The allele ratios corresponding to each haplotype are shown below the haplotype label; if the estimated allele ratios deviated less than our threshold value of 40:60 or 60:40, then a 50:50 ratio is assigned to the sample. Black squares (male) and circles (female) correspond to allele ratios exceeding our threshold, white symbols signify informative samples with equal transcript ratios, and gray symbols correspond to uninformative samples (homozygous for the marker SNP) with transcript ratios denoted "NA." Unknown phases are labeled by question marks. A: Mendelian transmission of BTN3A2 allelic imbalance measured using SNPs rs1985732 and ϩ10433 (see Fig. 5A ) in CEPH families 1424 and 1444, which demonstrated informative transmissions of the allelic expression phenotype. Five additional SNPs were genotyped to unambiguously assign phase (data not shown). The haplotype showing relative underexpression in informative heterozygotes was identical in the two unrelated families as well as in all unrelated individuals carrying allelic imbalance (Fig. 5) . B: transmission of PEG-10 monoallelic expression patterns in CEPH families 1416 and 1424 for SNP rs13073, consistent with paternal imprinting. C: discordant monoallelic expression in IL1A alleles in siblings from CEPH families 1444 and 1423 that inherited both haplotypes identical-by-descent. Six additional SNPs were genotyped at IL1A locus to assign phase (data not shown).
underlying cis-acting mechanism for IL1A and possibly for FGB and HTR2A allelic imbalances is random monoallelic expression detected due to clonality of the LCLs.
DISCUSSION
This survey demonstrates that allelic imbalance assays provide an efficient means to screen for the presence of genetic and epigenetic factors that alter gene expression. The technique can be applied to most genes using either exonic SNPs or intronic SNPs present in hnRNA, and the detected allelic imbalances offer a resource for subsequent characterization of the cis-acting regulatory mechanisms affecting these genes. Our study detected common allelic imbalances in 18% (23/ 126) of genes tested. We note that only 6% (4/69) of mouse genes have been reported to show allelic imbalances (5), although this may be underestimated due to the limited number of mouse strains analyzed. Allelic imbalances in a survey of 13 human genes (33) studied in LCLs showed results similar to this report, if we count the 3/13 (23%) genes where allelic imbalances were seen in more than one unrelated sample. Recently, allelic expression studies have been extended to human cadaver brain tissue as well as fetal liver and kidney samples (3, 16) , with both studies reporting 25-50% of genes demonstrating allelic expression differences. Interestingly, a GeneChip-based (HuSNP, Affymetrix) survey of fetal liver and kidney samples (16) from seven unrelated fetuses demonstrated very frequent and strong allelic expression differences; over 20% of all informative heterozygotes showed greater than twofold differences in allelic expression, and Ͼ25% of the genes studied demonstrated greater than fourfold differences in Fig. 5 . "rHaplotype" discovery and expression correlation for BTN3A2 gene. A: SNPs analyzed at the BTN3A2 locus. The three first exons, as well as the 3Ј-UTR, are illustrated by black boxes. The common SNPs discovered by resequencing are named in relation to the translation start site in the third exon (arrow). Twenty-two of 31 variants could be excluded as causative, as they were either homozygous in the samples showing allelic imbalance or heterozygous in the samples that displayed no skewing. The remaining nine SNPs shown above the horizontal line, spanning the length of the gene (15 kb), are in absolute linkage disequilibrium between each other and show lower relative expression in the BTN3A2 allelic imbalance assay. B: association of expression levels with the regulatory haplotype. Normalized BTN3A2 expression levels were obtained using Affymetrix GeneChips for 13 unrelated LCLs carrying the haplotype (rHapϩ) and 57 unrelated LCLs that did not carry the haplotype (rHapϪ); the distribution of the expression levels in the two groups are illustrated in the graph. Neither distribution shows evidence of deviation from normality (one-and two-sample Kolmogorov-Smirnov tests nonsignificant), and the difference between the groups is significant (P Ͻ 1 ϫ 10 Ϫ6 , twotailed t-test). Carriers of the putative regulatory haplotype show a ϳ50% decrease in total BTN3A2 expression (average shown by the gray horizontal line for each group). Fig. 6 . Assessment of LCL clonality using IgL-kappa/total-IgL ratios: the ratios of IgL-kappa vs. total IgL expression of 102 LCLs used in the screening of allelic transcript levels, six peripheral blood lymphocytes not known to be clonal, and four known clonal lymphocyte lines (assayed in duplicate). Data for peripheral blood lymphocytes, monoclonal B-cell lines, and LCLs are shown as white, black, and gray bars, respectively. The majority of the peripheral blood lymphocytes show ratios between 0.6-0.7, reflecting the expected ratio of 0.6 for polyclonal B-cells (15) . As expected, the monoclonal B-cell lines demonstrate extreme ratios above 0.90 or below 0.10, signifying only IgL-or IgL-expression. Over 40% of the LCLs exhibit similarly high or low expression ratios, suggesting that these lines are monoclonal. Only a few of the remaining LCLs have ratios that are similar to those found in peripheral lymphocytes, suggesting that most, if not all the LCLs, are either mono-or oligoclonal.
allelic ratios. The latter study thus reports larger allelic imbalances than our study and to the three other studies carried out by primer extension methods in adult tissues or cell lines (3, 5, 33) , all of which report Ͻ10% prevalence of allelic expression in informative heterozygotes and only rare occurrences of Ͼ4-fold expression differences. It is unclear whether the observed qualitative and quantitative differences of allelic expressions are due to the methodology used or tissues studied. Extension of our allelic imbalance survey to other tissues as demonstrated for BTN3A2 in adipose tissues is warranted to further explore the questions of tissue specificity and varying prevalence of allelic expression suggested by earlier studies (5, 16) .
Given the high level of interest for genes such as KL in aging and osteoporosis (2, 22) , PDCD1 in systemic lupus erythematosus (26) , KLK1 in end-stage-renal disease (34) and IGF1 in glucose tolerance (31) , it is important to develop approaches to characterize allelic imbalances and identify polymorphisms and haplotypes that are markers for high or low levels of transcript expression. Polymorphism discovery and analysis at the BTN3A2 locus allowed for the identification of a "regulatory" haplotype containing SNPs in complete LD with the presence of allelic imbalance and high correlation with BTN3A2 expression levels. Increased sample size and marker informativity should allow similar correlations in other genes. In addition, we propose that the allelic imbalance pipeline can be used to screen the genome for genes that manifest random monoallelic expression. Cataloging genes exhibiting random monoallelic expression may provide clues regarding the pathogenesis of gene dosage-sensitive disorders, such as cancer, in which disturbed epigenetic control in imprinted genes is well documented (7) .
We plan to expand our allelic imbalance screening from the moderate number of genes focused on LCLs, to genome-wide coverage in multiple tissues. Emerging high-throughput genotyping technologies (24) may provide the necessary tools to achieve this. Genome-wide allelic imbalance discovery coupled with elucidation of the underlying mechanisms as outlined in this study may provide a comprehensive view of cis-acting transcriptional regulation as well as functional markers for human genes that are commonly modulated by regulatory polymorphisms.
